Densification of antimony-doped tin oxide (ATO) ceramics without sintering aids is very difficult, due to the volatilization of SnO 2 , formation of deleterious phases above 1000 ∘ C, and poor sintering ability of ATO particles. In this paper, monodispersed ATO nanoparticles were synthesized via sol-gel method, and then ATO nanoceramics with high density were prepared by spark plasma sintering (SPS) technology using the as-synthesized ATO nanoparticles without the addition of sintering aids. The effect of Sb doping content on the densification was investigated, and the densification mechanisms were explored. The results suggest that ATO nanoparticles derived from sol-gel method show good crystallinity with a crystal size of 5-20 nm and Sb is incorporated into the SnO 2 crystal structure. When the SPS sintering temperature is 1000 ∘ C and the Sb doping content is 5 at.%, the density of ATO nanoceramics reaches a maximum value of 99.2%. Densification mechanisms are explored in detail.
Introduction
Because of their high electrical conductivity combined with chemical stability and corrosion resistance, antimony-doped tin oxide (ATO) materials are widely used in numerous applications such as catalytic and gas-sensing applications to monitor toxic gas emissions, as electrodes in the glass industry and as transparent conductive oxide (TCO) films [1] [2] [3] [4] . Recently, ATO ceramics with high density (>95%) and high electrical conductivity have become target candidates for depositing TCO films in substitution of the more conventional indium tin oxide (ITO) films [5] .
However, the densification of ATO ceramic is very difficult because surface diffusion and evaporation-condensation limit densification [6, 7] . Long heating times required for conventional sintering (pressureless sintering and hot pressing) usually cause evaporation of SnO 2 and lead to particle coarsening and low density. The sintering problem is further complicated by the high vapor pressure of SnO, the formation of deleterious intermediate phases, and decomposition of the ATO system at temperatures above 1000 ∘ C [8] . Adding additives such as ZnO, CuO, and MnO 2 can promote densification by a liquid-phase mechanism [9] [10] [11] , but the secondary phases formed in these cases adversely affect the electrical conductivity.
Spark plasma sintering (SPS) has the potential to obtain fully dense materials at low temperature and with a rapid sintering rate, which can prevent the formation of deleterious intermediate phases and reduce the evaporation of SnO 2 . Furthermore the spark discharge could activate the particles to improve densification [12, 13] . Many researchers have reported the enhanced densification of SnO 2 -based ceramics prepared by SPS [14, 15] . Scarlat et al. [14] prepared ATO ceramics using the field-assisted sintering technique (FAST) with ATO powders obtained by solid phase synthesis. The relative density (92.4%) was enhanced compared with the density of ATO ceramics sintered by conventional sintering technique (61.3%), but it is still too low for a target used to prepare TCO films using magnetron sputtering method. Zhang et al. [15] used the SPS technique to fabricate ATO ceramics with high density of 97.4% using monodispersed ATO nanoparticles synthesized by the hydrothermal method. Compared to Scarlat et al. 's results, the high density of ATO ceramics obtained by Zhang et al. can be contributed to the higher activation energy of ATO nanoparticles. However, Zhang has only reported the sintering behavior of ATO ceramic with 5 at.% doping content of Sb. The sintering mechanism as well as the relationship between Sb doping content and densification behavior is not clear. Besides, as a conductive material, the effect of electrical conductivity on the sintering behavior and densification of ATO ceramic should not be ignored during the large electrical current sintering of SPS.
In this paper, monodispersed ATO nanoparticles were synthesized by the sol-gel method. Then, SPS with low temperature sintering and rapid sintering rate was used to obtain ATO ceramics with high density, without the incorporation of sintering aids. Finally, the densification mechanisms associated with SPS consolidation of bulk ATO ceramics were investigated.
Experimental
The ATO nanoparticles were prepared using sol-gel method. A precursor solution was synthesized using tin (IV) tetrachloride (SnCl 4 , >98%), antimony chloride (SbCl 3 ), anhydrous ethanol (C 2 H 5 OH, >99.7%), and citric acid (CA) in a three-necked flask. The solution was refluxed at 70 ∘ C for 5 h with a vigorous stirring and then aged at 30 ∘ C for 48 h to get a gel. Finally, the gel was dried at 80 ∘ C in a vacuum oven for 24 h and then calcined in furnace at 500 ∘ C for 3 h. The SPS system (SPS-1050, Sumitomo Coal Mining Co, Yokohama, Japan) was used in the present investigation. The ATO nanoparticles were loaded in a 20 mm inner diameter graphite die, and then the die was transferred into the SPS machine. The pulse pattern was kept constant and consisted of twelve pulses (with a pulse duration of 3.3 ms), followed by two periods of zero current. The applied axial pressure was 40 MPa from the beginning of the heating step to the duration time, then it was unloaded to 0 MPa during the cooling step. All samples were sintered at 1000 ∘ C (which is below the formation temperature of some deleterious intermediate phases during sintering) with a heating rate of 100 ∘ C/min and dwell durations up to 3 min in vacuum (∼20 Pa).
The density of the sintered ATO ceramics was tested by the Archimedes method in water. The phase structures of the ATO nanoparticles and sintered ceramics were investigated by X-ray diffraction (XRD, Rigaku Ultima III) with CuK radiation. The sample was scanned from 20 ∘ to 80 ∘ (2 ) in steps of 0.05 ∘ . The crystallite size is calculated by the full width at half maximum (FWHM). The microstructures of the ATO nanoparticles and sintered ceramics were observed in a field emission scanning electron microscope (FE-SEM, Hitachi S-4800) and a transmission electron microscope (TEM, JEM-2100F STEM/EDS). The oxidation states of Sb were determined by X-ray photoelectron spectroscopy (XPS, VG Multilab 2000). During XPS analysis, a Mg/Al double anode X-ray was used as the excitation source. Figure 1 shows the XRD patterns for ATO nanoparticles with different Sb doping concentrations and pure SnO 2 nanoparticles. It can be seen that, with antimony content varying from 0 to 10 at.%, ATO nanoparticles show the presence of only one crystalline phase structurally related to cassiterite, which indicates that the SnO 2 lattice can accommodate 10 at.% Sb atoms without significant changes in the structure [16] . With increasing Sb content, the peaks show little shift to the lower 2 values, which indicates that Sb is incorporated into the SnO 2 crystal structure. The crystallite size determined from the SnO 2 (110) plane by FWHM is approximately 4.6 nm, 5.8 nm, 9.1 nm, and 16.8 nm for ATO nanoparticles with 1 at.%, 3 at.%, 5 at.%, and 10 at.% Sb, respectively. Figure 2 illustrates the TEM morphology of ATO nanoparticles with 5 at.% Sb and 10 at.% Sb. It is clear that the as-synthesized ATO nanoparticles show good crystallinity. The crystallite size of ATO nanoparticles with 5 at.% Sb is ∼10 nm, while the crystallite size of ATO nanoparticles with 10 at.% Sb is ∼20 nm, which is in agreement with crystallite size estimated by FWHM. This similarity indicates that the ATO nanoparticles synthesized by the sol-gel method are monodispersed. The small difference in crystallite size with different Sb doping concentration may contribute to the segregation of Sb to the surface of ATO particles, which ultimately affect the grain growth of particles [17] . The monodispersed ATO nanoparticles indicate high activation energy and good sintering potential, which may enhance the densification of ATO ceramics.
Results and Discussion

Phase Composition and Microstructure of ATO Nanoparticles.
Densification and Sintering Behavior of ATO Nanoceramics.
The SPS process used to consolidate the ATO nanoceramics (without the use of sintering aids) was carried out at 1000 ∘ C for a holding period of 3 min in vacuum at a heating rate of 100 ∘ C/min. Figure 3 shows the sintering behavior of pure SnO 2 nanoparticles and as-synthesized ATO nanoparticles. Figure 3(a) illustrates displacement, displacement rate, and temperature curves as a function of the sintering time, while Figure 3 (b) illustrates the densification curves converted from displacement by considering the relative densities of sintered samples [18, 19] . The slight shrinkage for ATO nanoparticles at the initial sintering stage can be seen clearly from Figure 3 (a), while no shrinkage for SnO 2 nanoparticles can be observed at the same stage. The slight shrinkage indicates the activation of ATO nanoparticles due to spark discharge, and this phenomenon will be further illustrated in Section 3.4. Furthermore, ATO nanoparticles show higher displacement rate than pure SnO 2 nanoparticles at about 700 ∘ C, which indicates enhanced sintering potential of ATO nanoparticles, especially ATO nanoparticles with 5 at.% Sb. On the other hand, it can be seen obviously in Figure 3 (b) that the ATO nanoparticles containing 5 at.% Sb show a higher density than the other two samples at the same sintering temperature.
The lattice parameters and density data of the sintered ATO nanoceramics are provided in Journal of Nanomaterials equivalent data for pure SnO 2 are also included. It is clear that both and lattice parameters increase with increasing Sb doping concentration. These slight lattice distortions of the cassiterite SnO 2 indicate that Sb is incorporated into the tin oxide lattice to form the ATO solid solution. Furthermore, the as-sintered ATO nanoceramics exhibit high density (96-99% theor ) under the selected SPS conditions, while the density of pure SnO 2 ceramic is only 94.4%. With the increase in Sb doping concentration from 0 at.% to 10 at.%, the density first increases then decreases. When Sb doping concentration is 5 at.%, the density reaches the maximum value of 99.2% which is in agreement with the SPS sintering behavior shown in Figure 3. Figure 4 shows the XRD patterns of sintered ATO nanoceramics with different Sb doping concentrations. The XRD spectra show that all peaks are characterized as the cassiterite SnO 2 (JCPDS Card number 41-1445), which indicates that the sintered nanoceramics maintain the character of the ATO nanoparticles and no apparent phase change occurs. The pure and consistent phase of cassiterite SnO 2 before and after sintering implies that the low temperature sintering of SPS successfully prevents the formation of deleterious intermediate phases and the decomposition of the ATO system. The slight shift in peak position with different Sb doping concentration is in agreement with the increases in lattice parameters. The XRD data shows some differences before and after sintering, which may attribute to the transformation of Sb 3+ to Sb 5+ during sintering [20] . Representative SEM micrographs of the sintered ATO nanoceramics with different Sb doping concentrations are provided in Figure 5 . It is observed that the as-sintered ATO nanoceramics are nearly fully dense with no obvious porosity. The grain sizes of the sintered ATO nanoceramics are less than 100 nm, and the grain size increases with increasing Sb doping concentration. When the Sb doping concentration varies from 1 at.% to 10 at.%, the grain size increases from 20 nm to 100 nm. The variable grain sizes may be due to the segregation of Sb to the surface of the ATO nanoparticles. With increasing Sb doping concentration, Sb segregation is known to occur as trivalent Sb (III) at the surface of ATO particles [21] . Trivalent Sb (III), as a cationic dopant with oxidation states lower than Sn 4+ , will act as a sintering additive to promote densification and grain growth [22] . Therefore, considering the Sb segregation, the grain size and density of the sintered ATO nanoceramic will increase with increasing Sb doping concentration. However, it can be seen from Figure 3 and Table 1 that the ATO nanoceramic with 5 at.% Sb shows a higher displacement rate and higher density than the ATO nanoceramic with 10 at.% Sb. Thus, the densification mechanisms for SPS-consolidated ATO nanoceramic cannot simply be attributed to the mechanism of adding Sb as a sintering additive.
Phase Composition and Microstructure of ATO Nanoceramics.
Densification Mechanisms in ATO Nanoceramics.
From the SPS point of view, the passage of electrical current depends on the electrical conductivity of the powder compact. In case of an insulating powder, the major part of the current passes through the graphite die, with a small fraction passing through particles. While for a conducting powder, the current will pass through the powder [23] . SnO 2 is an n-type semiconductor with low electrical conductivity, and the conductivity will be improved by the addition of dopants such as Sb ions [24, 25] . Thus, a comparatively larger fraction of the total current will pass through the ATO powder compact compared with the SnO 2 powder compact. The electrical resistivity values of SnO 2 (with no Sb) and ATO will also be shown in Figure 7 . Therefore, spark discharges in the void spaces become more frequent in the ATO powder compact. The slight shrinkage and higher displacement rate of ATO nanoparticles shown in Figure 1 indicate the passage of current through the sample and the frequent spark discharge in void spaces, as further investigated in the following.
In an effort to investigate the densification mechanisms further, an ATO nanoceramic sample containing 5 at.% Sb was removed from the SPS unit after reaching only 700 ∘ C. This sample was evaluated using SEM and EDS, as shown in Figure 6 . As shown in Figure 6 (a), the spark discharges generate special grains (see region A) in the gaps between the particles. No such grains were observed in the starting nanoparticles. The EDS results in Figure 6 Many researchers have reported the effect of spark discharge during SPS sintering [26] [27] [28] . Particularly, Wu et al. have claimed that the discharge and high local temperature near the pores accelerate the reaction between raw materials [27] . On the other hand, Park et al. [7] have reported the possibility of SnO 2 to evaporative decompensate into SnO(g) and O 2 (g) during spark plasma sintering. Thus, the different molar ratios suggest that, on the edge of the gaps, SnO 2 decomposes into SnO(g) and O 2 (g) then condenses as SnO in the gaps by the spark discharge. Therefore, SPS discharges in the void spaces enhance the mass transport, which ultimately enhances densification. Figure 7 shows the electrical resistivity of the sintered ATO nanoceramics with different Sb doping concentrations. It can be seen that the electrical resistivity decreases with increasing Sb doping concentration and reaches a minimum value of 4.43 × 10 −3 Ω⋅cm when the Sb doping concentration is 5 at.%. The low electrical resistivity of the sintered ATO nanoceramic with 5 at.% Sb suggests more current passed through the sample and more mass transport occurred due to SPS discharge in the void spaces. This phenomenon explains the high displacement rate for the ATO nanoparticles with 5 at.% Sb, shown in Figure 3 , which leads to the highest density of 99.2% for the sintered ATO nanoceramic containing 5 at.% Sb.
Although some researchers have reported the enhanced properties of SPS-prepared ATO ceramics, the density obtained by Park et al. [7] is around 95% and is 92.4% by Scarlat et al. [14] , which are lower than our results. Other researchers have prepared dense ATO ceramics with density of >98% using hot pressing sintering, by adding sintering aids such as ZnO, CuO, and MnO 2 [9] [10] [11] , but the additive phases deteriorate their electrical properties. From the previous discussion, the high density of SPSconsolidated ATO ceramics can be attributed to three factors: (a) monodispersed ATO nanoparticles with little amount of Sb segregation at the surface provide high sintering potential and high surface activation; (b) low temperature sintering of SPS avoids the need for sintering aids and prevents the formation of deleterious intermediate phases and the decomposition of the ATO system, and the fast sintering rate reduces the evaporation of SnO 2 ; and (c) semiconducting ATO nanoparticles enable more current to pass through the sample during sintering and SPS discharge in the void spaces enhances the mass transport, which further enhances densification.
Conclusions
Monodispersed ATO nanoparticles were prepared via solgel method. Antimony is incorporated into the SnO 2 crystal structure in concentrations of 1 at.%, to 10 at.% and the ATO nanoparticles show good crystallinity with crystallite sizes on the order of 5-20 nm. Near full density ATO nanoceramics were obtained without the addition of sintering aids by applying the SPS process at 1000 ∘ C with a holding time of 3 min and a heating rate of 100 ∘ C/min using the assynthesized ATO nanoparticles. The highest density achieved in the sintered ATO nanoceramic was 99.2% when the Sb doping concentration was 5 at.%. The high density of the SPS consolidated ATO nanoceramics is attributed to three factors: (a) monodispersed ATO nanoparticles with little amount of Sb segregation at the surface provide high sintering potential and high surface activation; (b) low temperature sintering of SPS prevents the formation of deleterious intermediate phases and the decomposition of the ATO system, and the fast sintering rate reduces the evaporation of SnO 2 ; and (c) semiconducting ATO nanoparticles enable more current to pass through the sample during sintering and SPS discharge in the void spaces enhances the mass transport, which further enhances densification.
